The electrical and optical properties of FeON films were investigated in order to find their possibilities for solar cell application. FeON thin films were deposited on glass substrates by RF magnetron sputtering using an ArN 2 O 2 reactive gas. Under optimum flow rates of nitrogen and oxygen, the FeON films showed equivalent electrical properties to amorphous Si that has been conventionally used for thin film solar cells. Bandgap narrowing was also observed from 2.0 to 1.9 eV. The observed results were considered to be due to the formation of hematitemagnetite mixed phase, and the introduction of oxygen vacancies and/or nitrogen interstitials.
Introduction
Photovoltaic power generation has been attracting considerable attention and is desired to expand its use as a renewable energy source. Among various types of solar cells, crystalline Si cells have been most widely used, accounting for 80% of total solar cell market. However, high-purity semiconductor-grade Si wafers are expensive and occupy more than half of the total material cost of the Si solar cells. Therefore, it is required to develop a new inexpensive solarcell material to replace Si. Recently, hetero-junction solar cells made of n-ZnO/p-Cu 2 O have been reported frequently because of their low material cost. 1, 2) However heterojunction cells accompany lattice mismatch at interface and form carrier trap sites as well as a discontinuous energy barrier. These interface characteristics lead to poor device performance.
Meanwhile, iron oxide is an abundant low-cost material and may be suitable for solar cell application. Among various types of iron oxide, hematite (¡-Fe 2 O 3 ) is known to be an n-type semiconductor having a band gap of approximately 2.1 eV.
36) It can absorb solar light in the wave length range of 600 to 295 nm which accounts for about half of the entire solar light spectrum. In order to improve its semiconducting properties, elemental doping to hematite has been investigated by many researchers. For example, donor doping of Si 4+ to n-type hematite was reported to increase photocurrent.
3) The p-type conductivity of hematite was also obtained by doping with the divalent ions of Mg 2+ , Zn 2+ and Cu 2+ . 47) Since hematite can become both n-type and p-type semiconductors depending on dopant elements, hematite is a good candidate to make homo-junction solar cells.
The change of carrier type from n-type to p-type was also achieved by N doping to hematite 8) as well as to other oxides, such as ZnO, SnO 2 and TiO 2 .
911) It seems that N is an effective acceptor in oxide semiconductors. The p-type hematite by N doping was reported by Morikawa et al. for potential application to photoelectrochemical water splitting to generate hydrogen. 8) However, they showed no results of electrical properties such as resistivity, carrier mobility and concentration. N-doped hematite was also investigated by others, but their works were focused on structural aspects with limited information on optical and electrical properties.
1216)
In addition to the carrier type control, the optimization of band gap (E g ) is important so as to increase spectral range for effective light absorption and photovoltaic conversion. In this regard, N doping may be effective. For instance, the E g of Cu 2 O was widened by N doping. 17, 18) On the contrary, the E g of ITO was narrowed. 19) In N-doped hematite, Morikawa et al. reported the decrease of E g from 2.1 to 1.96 eV. 8) From these results, N-doped hematite seems to have a great potential as a solar cell material by the good understanding and control of its properties. Therefore, in this work, we investigated the electrical and optical properties of FeON thin films deposited by RF magnetron sputtering by changing both nitrogen and oxygen flow rate.
Experimental
FeON films were deposited to a thickness of 100 nm by reactive RF magnetron sputtering of an iron target (99.9%) in an ArN 2 O 2 reactive gas mixture at room temperature. A glass plate (Corning Eagle) was chosen as a substrate. Base pressure was lower than 3.0 © 10 ¹5 Pa and the working Ar pressure was kept constant at 2.0 Pa by adjusting Ar flow rate at 25 sccm. Before reactive sputtering, pre-sputtering with Ar gas was carried out for 10 min to clean the target surface. Then, the mixed reactive gas was introduced into the chamber. Nitrogen flow rate ( f N2 ) was 1, 3 and 5 sccm. Oxygen flow rate ( f O2 ) was 0.1, 0.15 and 0.25 sccm. RF power for sputtering was fixed at 100 W. The deposited samples were annealed at 673 K in high vacuum condition for 1 h. Before annealing, the pressure of a furnace was better than 3.0 © 10 ¹7 Pa. Film thickness was measured by an atom force microscope. The deposition rate was calculated from the sputtering time. Hall measurement was performed to obtain electrical resistivity, Hall mobility, carrier concentration and carrier type by the van der Pauw method. Crystal structure was determined by X-ray diffraction (XRD), operated at 40 kV and 40 mA using a Cu radiation source. Scanning speed was 5 degree/min over a 2theta range of 10 to 100°. Transmittance was measured by a UVVIS spectrophotometer in the wavelength range of 190 to 1100 nm. The transmittance of glass substrate was measured as background and was subtracted from the measured spectra. Therefore the effect of the transmittance of substrate was eliminated.
Results
Figure 1(a) shows the resistivity of as-deposited samples. All samples have high resistivity over 10 2 ³cm. For f O2 = 0.25 sccm, resistivity is higher than 10 6 ³cm that is beyond the measureable range with our Hall measurement equipment. For f O2 = 0.15 sccm and f N2 = 3 and 5 sccm, resistivity is also too high to be measured. The resistivity of the asdeposited samples increases with increasing oxygen flow rate. The lowest resistivity of 10 3 ³cm is obtained at f O2 = 0.10 sccm and f N2 = 1.0 sccm. However, this value is still too high for solar cell application. In order to lower the resistivity, samples were annealed at 673 K in high vacuum condition for 1 h. The results are shown in Fig. 1(b) . After annealing, the resistivity is found to decrease by more than 3 orders of magnitude. At f O2 = 0.10 sccm, the lowest resistivity of 0.45 ³cm is obtained at all nitrogen flow rates. At f O2 = 0.15 sccm, the resistivity remains low at f N2 = 3 and 5 sccm, but increases to approximately 10 3 ³cm at f N2 = 1 sccm. At f O2 = 0.25 sccm, the resistivity becomes larger and tends to increase with decreasing nitrogen flow rate. As shown in Fig. 1(b) , the resistivity of the films at f O2 = 0.15 sccm drastically decreases with increasing oxygen flow rate. Therefore the effects of nitrogen flow rate on crystal structure, electrical and optical properties were further studied in the films deposited at the fixed f O2 = 0.15 sccm. A broad peak around 23°is due to the glass substrate. At f N2 = 1 and 3 sccm, a small peak is found at 3839°. Although ¡-Fe 2 O 3 , ¢-Fe 2 O 3 , £-Fe 2 O 3 , ¾-Fe 2 O 3 have a peak at 3839°, it would not be appropriate to identify the crystal structure from only one vague peak. At f N2 = 5 sccm, no peak is found. Figure 2(b) shows the XRD patterns of FeON films after annealing. At f N2 = 1 sccm, the sharp peak of (006) hematite (¡-Fe 2 O 3 ) and the small peak of (111) magnetite (Fe 3 O 4 ) are found. At f N2 = 3 and 5 sccm, the (006) hematite peak and the (111), (311), (222) and (333) magnetite peaks are found. The appearance of separate peaks indicates that the magnetite phase is dispersed in the hematite matrix phase. Figure 3 shows Hall mobility and carrier concentration of the films after annealing for the fixed f O2 = 0.15 sccm. All samples show n-type conductivity. Both mobility and carrier concentration are increased with increasing nitrogen flow rate and tend to saturate when f N2 is over 3 sccm. The FeON film deposited at f N2 = 5 sccm and f O2 = 0.15 sccm shows the highest Hall mobility and carrier concentration of 0.61 cm 2 V ¹1 s ¹1 and 1.42 © 10 19 cm ¹3 , respectively. The transmittance of this film is shown in Fig. 4 (a) before and after annealing. After annealing, transmittance is decreased in all wavelength range. Transmittance of hematite presented by Morikawa et al. showed a characteristic shape having a peak at about 600 nm. 8) This shape is very similar to the shape of our as-deposited sample shown in Fig. 4(a) , suggesting that this sample is hematite. Optical band gap can be estimated from the transmittance spectra using the following equation known as a Tauc plot: 20) 
where h is Plank's constant,¯is frequency, ¡ is absorption coefficient and A is proportional constant. The power-law constant of n takes a value of 1/2 for direct transition and 2 for indirect transition, respectively. Whether the bandgap of hematite is direct or indirect is not clear to date in literatures. According to previous literatures, hematite shows indirect bandgap energy of 1.92.0 eV. 21, 22) In the present work, we assumed an indirect transition and the corresponding Tauc plot is shown in Fig. 4(b) . If the direct transition were assumed, E g would be 2.6 eV. But in Fig. 4(b) with the indirect transition, extrapolation of a straight line to the horizontal axis gives E g = 2.0 eV for the as-deposited film. This value is almost the same with that of reported value in hematite. Meanwhile, the annealed film shows E g = 1.9 eV. The result indicates that the bandgap is narrowed by annealing. It is also noted that the Tauc plot shows a weak absorption region below E g .
Discussion
First, we discuss the effects of annealing on the properties of the FeON thin films. Resistivity was decreased by more than 3 orders of magnitude by annealing at 673 K in high vacuum condition for 1 h. The optical bandgap was decreased by annealing from 2.0 to 1.9 eV, and showed the weak absorption region at low energies below the bandgap value. The resistivity decrease and the weak absorption at the low energy range are mainly due to the formation of magnetite as experimentally shown in Fig. 2 . Merchant et al. also reported that the inclusion of small amount of magnetite can increase conductivity. 23) Indeed, the resistivity of bulk hematite is higher than 10 5 ³cm, while that of magnetite is about 10 ¹3 ³cm. The bandgap is 2.1 eV for hematite and 0.1 eV for magnetite, respectively. 23) Therefore, the formation of magnetite can decrease the resistivity and bring about the weak absorption at the low energies.
Based on the XRD results, the magnetite phase appeared to be dispersed in the hematite matrix. In this case, the magnetite phase would become a conduction path of photoinduced carriers in the hematite phase and ruin photovoltaic effect in the hematite phase. Therefore, it is desired to prevent the magnetite formation by controlling the phase stability of the two phases.
It is noted that the present FeON thin film showed the formation of magnetite at lower temperature and lower oxygen potential than that predicted by an oxygen potentialtemperature diagram for bulk FeO. The appearance of the metastable phases has been often attributed to the large surface area which has higher energy and reactivity than the bulk counterpart. In addition to the thin-film effects, the stability of our films may also be influenced by the presence of nitrogen. Detailed investigation is underway to understand the phase stability of the FeON films and to utilize the results in preventing magnetite formation. Next, we discuss the effects of the flow rate of nitrogen and oxygen. Both the Hall mobility and the carrier concentration of the annealed samples were increased with increasing the nitrogen flow rate from 1 to 3 sccm, and saturated when f N2 was over 3 sccm. This observation is also explained by the formation of magnetite. As shown in the XRD patterns in Fig. 2(b) , magnetite peaks appeared by increasing f N2 from 1 to 3 sccm. By further increase from 3 to 5 sccm, the XRD patterns did not show notable difference.
In the case of oxygen effects, resistivity was increased with increasing f O2 as shown in Fig. 1 . Since the ratio of Fe/O in hematite and magnetite is 1.5 and 1.33, respectively, hematite becomes stable under a high oxygen pressure. Therefore, the larger resistivity at the larger f O2 is due to the stable formation of hematite. Similar results were reported by Petitjean et al. in that the resistivity of FeON films deposited by magnetron sputtering with different f O2 increased with increasing f O2 and crystalline structure was changed from nitride to oxide. 13) In addition to the effects of oxygen on the oxide stability, oxygen vacancies may be introduced by the decrease of f O2 . This may give rise to the formation of donor-type tail states near conduction band minimum. Similarly, the increase of nitrogen may lead to the formation of acceptor-type tail states near valance band maximum.
8) The observed bandgap narrowing from 2.0 to 1.9 eV in Fig. 4 (b) seems to be caused by the formation of tail states. However, the bandgap of 1.9 eV is still too high for solar cell materials. Further reduction of the bandgap is necessary.
Conclusion
FeON thin films were deposited on glass substrates by RF magnetron sputtering in ArN 2 O 2 reactive mixture. All as-deposited samples had high resistivity over 10 2 ³cm and the resistivity decreased by more than 3 orders after annealing at 673 K in high vacuum condition for 1 h. Both mobility and carrier concentration of the annealed samples increased with increasing f N2 and when f N2 was over 3 sccm, they took constant value. The annealed film deposited at f N2 = 5 sccm and f O2 = 0.15 sccm showed the resistivity of 0.72 ³cm, the Hall mobility of 0.61 cm 2 V ¹1 s ¹1 and the carrier concentration of 1.42 © 10 19 cm ¹3 . It was also found that the optical bandgap was narrowed from 2.0 to 1.9 eV after annealing, which would improve the spectral range of solar light absorption. The observed changes of electrical and optical properties after annealing are attributed to the change of crystallinity, the introduction of lattice defects and the formation of hematite-magnetite mixed phases.
